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Electron density measurements with even
the simplest microwave interferometry tech-
niques can range over three to four orders
of magnitude, can be responsive on time
scales as fast as 50 ns, and are simple to
obtain and interpret. Three groups have
published electron density data taken in the
Gaseous Electronics Conference (GEC) ref-
erence reactor using microwave interfer-
ometry. The agreement in the data from
these groups at higher pressures is excellent
especially when one considers that the
GEC reactors involved have some key dif-
ferences. These may have been the cause of
some differences between the results ob-
tained at low pressures, although, the man-
ner in which the measurements were inter-
preted may also have contributed. The
electron densities compare favorably in
argon, helium, and nitrogen above 33.3 Pa
(250 mTorr); but, the measurements tend to
diverge some at 13.3 Pa (100 mTorr) and in
133 Pa helium above approximately

200 mA. It is speculated that the latter

difference occurs as the discharges change
from a bulk ionization ofe-mode to a sec-
ondary electron emission ar-mode, and
that this transition occurs at lower voltages
and currents for reactors with aluminum
electrodes than it does for those with stain-
less steel electrodes. In addition, time
resolved electron densities are presented.
There is agreement between time resolved
measurements in the two reactors, in par-
ticular, the electron density in helium dis-
charges is found to rise dramatically after
the rf excitation is turned off while the
electron densities in argon and nitrogen
glows exhibit only slight increases.
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1. Introduction

A measurement of the microwave field transmission

The purpose of this article is to review the microwave

through a plasma contained in a GEC reactor can interferometry data obtained from the GEC reactor to
provide quick and accurate information on the spatially date [4-6], including a description of the measurement
averaged electron concentration. This measurement carmethods and equipment. The latter will be briefly pre-

be performed using a microwave interferometer; a sented in the next section on the basic equations and

device which can be simple to build and operate and equipment for the sake of completeness; but, several
from which easily interpreted results may be obtained. excellent chapters [3, 7-10] and texts [11, 12] on mi-
Microwave interferometer measurements are much crowave diagnostic techniques convey both more gen-
quicker (as fast as 20 MHz [1-4]) and less intrusive than eral and in depth information which is not presented
those of Langmuir probes; but, they also are spatially here. In the final section, representative data from
averaged and usually convey no information about the plasmas through argon, helium, nitrogen and carbon
electron energy distribution function. As a consequence, tetrafluoride in the GEC reactor are given as a function
the two techniques are excellent complements for diag- of the rf current and time.
nosing the plasma state in research plasma environ-

ments.
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2. Basic Equations and Equipment _ ne
e e I
Mego (Vi + @°)
Microwave interferometers (a schematic diagram is
shown in Fig. 1) allow one to measure changes in the
phase length of one path with respect to another. This _ néfu,
i ) Op=—5—5 - 2
phase length change is measured by performing a vector my(v3 + w?)
addition of the microwave fields from a reference path
and a path through the plasma. The resulting field is first
set to a reference value with no plasma present using as; is the dielectric permittivity of free space, and o,
precision phase changer in the reference arm of theare the dielectric permittivity and conductivity of the
interferometer. Often this is a null field condition (where plasman is the electron concentratiom. is the elec-
the electric fields cancel at the detector); however, there tron mass,v, is the electron collision frequency for
are advantages to using the other conditions described inmomentum transfeg is the electronic charge anadis
Sec. 4. Whatever condition is used, the result is to pre- the microwave frequency (=&). These equations as-
cisely align the electric field phasors. When the plasma sume that there is no static magnetic field as is the case
is turned on, the electron density lowers the dielectric for the GEC reactor. In the event of a static magnetic
permittivity and decreases the phase length of the field, the permittivity and conductivity become tensors
plasma arm. This unaligns the electric field phasors and and the reader is referred to one of several more compre-
results in a change in the electric field intensity at the hensive texts [3,7,11]. The presence of positive ions in
diode detector. The change in the plasma arm phasea plasma also alters the dielectric permittivity and con-
length can be accurately measured by using the preci-ductivity at microwave frequencies, but, the effect is
sion phase changer to return the system to the referencaninuscule compared to that of the electrons because the
condition. The phase length change is determined by ionic mass is always much larger than that of an
subtracting the phase angles read off the phase changeelectron.
with and without plasma present. It corresponds directly  The propagation constant of a wave in a large uniform
to the spatially averaged electron density. plasma (transverse dimensioes5X the microwave
wavelength in the plasma) is derived from the permittiv-
ity and conductivity as:

Freq. 3dB -
Meter - Coupler >
L1 LI REFERENCE ARM Yo = Vjouo (0, + jose,) = ap+jBp ©)]
Tuner *
Atten.
Matched T whereq, is the attenuation constant afglis the propa-
ource b= Load or Phase gation phase constant of the microwave field in the
= g"’tdet Shift plasma.u, is the permeability of free space since the
= Plasma ele<l: or plasma does not greatly change this. The phase constant
@ contains information on the plasma density and can be
o * most easily related to the electron concentration when
m 'b', . both the coallision frequency for momentum transfer and
- :Tge“ [] - the plasma frequency are much less than the microwave
I frequency. In this case, the plasma conductivity is
* insignificant compared tawe, and the phase constant
T becomes
Oscilloscope, Diods
or Lock-in Amplifier detector
]
S S 27 ne?
,Bp— /\_o 1_me‘90w2 (4)

Fig. 1. A schematic diagram of a Mach-Zehnder configuration mi-
crowave interferometer. The arrows.() indicate isolators.

where, is the free space wavelength of the microwave
The presence of free electrons lowers the dielectric field.
permittivity and increases the conductivity of space as  Because the plasma density in the GEC reactor can
follows from the Langevin equation and Ampere’s Law. vary significantly over the one inch span between the
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electrodes; the average microwave propagation constantposition of the probe. The resulting map of the induced
is determined from a more general formula [8]. phase shift as a function of the probe position is a direct
map of the electric field intensity squared.
Contour plots of this phase shift were published for
Il (o + jo(e—e0) Ep - E§ dxdy The University of Texas at Dallas (UTD) microwave
s (5) interferometer at 8.6 GHz [6] (reprinted in Fig.2) and for
the Sandia National Laboratories microwave interferom-
eter at 80 GHz [4]. In both cases, the contours indicated
the beam-like nature of the microwave field passing
The resulting change in the phase length of a path between the transmit and receive horn antennas. (The 4
through the plasma is approximated by [8] and 8 contours in Fig. 2 have been made bold in order
to emphasize the beam like nature of the microwave
field.) The results do not appear as good as they might

*

Yot Yo =

fg(EEXHp+Ep><H’5)-zdxdy'

o [T (£(x, V. 2 — e0) E2 dxdl have in Fig. 2 because of the size of the dielectric probe.
Adp= f s @Le y,2 o) Eo OXdy (6) We used a 7.5 mm radius nylon ball in order to get easily
0 J[ Eo/modxdy measured phase shifts, but, it also caused some pertur-

bation of the beam which makes the results appear
poorer than they would have with a smaller probe. A
Here the microwave electric and magnetic fields are smaller probe produces smaller phase shifts, however,
denoted byE andH with subscripts denoting plasma (p) and noise can then become a problem. Based upon these
and free space (0) conditions. The asterisks denote com-results, [6] an analytic representation for the approxi-
plex conjugates and the integration surfegds perpen- mate electric field intensity was formulated and used to
dicular to the beam propagation (assumed to be irzthe interpret the measured phase shift. The electric field
direction). The length of the plasma is denotedlas  intensity of the beam was approximated by
Equation (6) applies for any dielectric perturbation such
that the field intensities with the perturbation are ap-
proximately the same as those without the perturbation. ) X2 y
(This is experimentally indicated by a constant transmit- Eo = exp <%) 0052(77 %) : (8)
ted power with and without the perturbation.) Equation
(6) can be reduced further if the plasma frequency and
the collision frequency are much less than the mi-

Where they direction goes from one electrode to the
crowave frequency.

other and thex direction is also perpendicular to the
direction of travel of the beam. The value usedpwas
5 cm and the value used fgg was 2.54 cm. In the

oM ! I nCEqF dxdydz direction, a Gaussian shape was chosen in order to ap-
—-— A¢= = . @) proximate the beam-like nature of the microwave field
€ JE ¥ /o dxdy after the focusing lens. In thedirection, a cosine shape

was chosen because of the wave guiding nature of the
electrodes above and below. The electric field polariza-
tion was nominally perpendicular to the electrode sur-
3. Calibration faces, however, the cosine dependence was chosen be-
cause our measurements indicated it. The electric field
Equations (6) and (7) form the basis on which the approximation also assumes that the beam profile does
microwave interferometer can be calibrated. In the pub- not depend strongly upon the position along the direc-
lished papers using microwave interferometers on the tion of travel (thez axis). The beam does have some
GEC reactor [4-6], the electric field intensity without dependence along tteaxis, however, this dependence
plasma was measured by translating a dielectric probeis small. At most it introduces a 20 % programmatic
in the cell and measuring the phase shift induced by that error.
probe. Equation (6) shows how the induced phase shift Once the electric field intensity is known as a func-
is proportional to the intensity of the electric field at the tion of position, Eq. (7) can be used to determine the
position of the probe. Since the dielectric permittivity of relationship between the electron density and the
the probe is well known, and does not depend upon measured phase shift provided the spatial distribution of
position, £(X,y,z)—e, is @ nonzero constant only at the the electron density is known or can be approximated.
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Y Axis (To Receive Horn)

X Axis (To Load Window)

Fig. 2. A contour plot of the phase shift obtained from translating a 7.5 mm radius
nylon ball through the reactor. Thé dnd 8 phase shift contours have been embold-
ened to indicate the beam like nature of the microwave field. (Reprinted from Ref.

(61

A lack of knowledge of the electron spatial distribution field and the electron concentration were then placed
can be a significant source of error in unconfined into Eq. (7) and the three dimensional integration
geometries, particularly, since it can vary as a function yielded a value for the electron density between the

of gas composition, pressure, and rf power (or current). electrodes of the cell of 1:310° electrons crt per
This could result in extraordinary phenomenon in ex- degree of phase shift. We estimate that this number is
treme cases, such as a decreasing electron density withraccurate to within=30 % based upon an estimated
increasing current (and power). In the GEC reactor, itis =20 % error in measuring and approximating the elec-
not expected that the shape of the electron density spa-tric field intensity and a 10 % error in approximating the
tial distribution will change dramatically with pressure electron spatial distribution. The precision and re-
or current, and the error introduced by approximating peatability of the results is much better, approximately
that spatial shape is then primarily a multiplicative con- the greater of= 0.2 or 3 %. It should be noted that the
stant. We were able to measure the spatial distribution of expansion of the electrode sheaths with decreasing pres-
electrons in the UTD reactor using a Langmuir probe in sure is not accounted for in this calibration. This correc-
argon discharges [13] and this information was used to tion could be important for very low pressure dis-
approximate the electron spatial distribution in Eq. (7) charges, particularly in helium where the sheath
for all the results presented here. The electron concen-thicknesses can be large; but, is generally less than 10 %

tration has a cylindrical symmetry unlike that of the for the sheath thicknesses encountered in other gases.
microwave field. We have chosen to approximate this
dependency as

4. Equipment Issues Peculiar to the GEC
Ne (r) = Neo r=re Cell

Most of the electron density data have been obtained
=nepe 't r,=r=125cm. (9 using the Mach-Zehnder configuration and the simplest
detection technigues as shown in Fig. 1 [4, 6]. This

instrument is often called the “bridge” interferometer,
Wherer. is the radius of the electrodes, the reactor wall and it has several advantages over the more complex

is at 12.5 cm and = 0 is on the reactor axis. The value heterodyne, serrodyne and frequency modulated inter-
for L was set to 3 cm [13]. The profiles for the electric ferometers [3]. Chief among these advantages for
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operation in the GEC reactor is their simplicity of de-
sign, economy, and speed. The speed in following elec-
tron density changes is limited only by the response of
the detector in the case of the bridge interferometer and
can be as large as 20 MHz [1-4]. In addition, phase
changes of considerably less than°@:&n be measured
by using a lock-in amplifier. The chief disadvantage is
the ambiguity in phase shifts above 280 360; how-
ever, this situation is rarely encountered in this experi-
mental resea‘_rCh cell. The_opposne problem, phase SthFig. 3. Phasor diagrams of the electric fields at the diode detector
less than 1 is more typically encountered for elec- (g, due to those from the plasmB,fsm) and reference arnt)
tronegative plasmas. of the microwave interferometer. a) A nulled field condition showing
Both the Sandia [4] and UTD [6] research groups how the equal amplitude fields at opposite phase cancel. b) The value
have used detection techniques other than the null field ©f Eaode caused by a phase change/op.
approach in order to improve the sensitivity to small
phase changes. A pair of diode detectors is used on the
E andH plane arms of a matched hybrid tee on the UTD Uused at UTD also makes the diode voltage proportional
interferometer; while the Sandia group used &Fﬂmse to the phase shift, but, does so at a null voltage condi-
shift [14] after the null field condition was found. The tion. A phasor diagram of the fields at the diode detec-
reasons behind using these phase detection technique$ors for this technique is shown in Fig. 4. Now the
are most readily explained by examining how the vector outputs of the two diode detectors are set to be equal by
fields add (or subtract) at the detector(s) using a phasorplacing the field from the plasma arm 96ffset from
diagram. The field phasors are shown in Fig. 3 (a) for a that in the reference arm. The difference in the voltage
null field condition (with no plasma) at a single detector between the two diodes on tkeandH plane arms of the
and for a plasma condition causing\&® phase shift in hybrid tee is then measured using a differential ampli-
Fig. 3 (b). The electric field intensity at a single diode fier. The phase shift induced by the plasma causes the
for the null field condition is zero, and the resultant Plasma arm fields to rotate in the phasor diagram and
voltage on the diode is also zero. When the plasma results in a decrease Hy.qose and an increase iBe.gioe
causes the phase length of the plasma arm to decreasé Fig. 4 (b). The difference in the signals can be found
by A®, the fields no longer cancel and the field at the by assuming square law detectors and small phase shifts
diode detector becomeByoe= 2EeSiNAP/2). (This to be:
assumes there is no attenuation of the signal through the
plasma arm and that the power transmitted through the Vii_diode— Ve_diode = 4Eret Ep AD. (10)
plasma and reference arms are the same. The exact form
of the equations would change some if these conditions
did not hold, but, the essential results would be the This technique allows one to determine the phase shift
same.) The voltage on the diode detector is just the using a null voltage condition without having to vary the
square ofEgede fOr a square law detector so th¥ige setting of the precision attenuator in the reference arm.
becomes proportional to €A ®/2). Since sind ®/2) This can be seen in Fig. 4 (a) where the inner circle
is approximately equal ta®/2 at small phase angles, represents an attenuated plasma arm field. The phase
the diode signal rises ad {¢)* and the sensitivity of the  shifter can still rotate the fields into a null voltage
instrument is very low. condition. This feature can be both beneficial and
The change in the diode voltage becomes approxi- detrimental. Some precision attenuators can cause a
mately proportional ta @ if one offsets by 90from the variation in the phase length as the attenuation is in-
null field condition because Sif(A® + 90°)/2) is equal creased since they add a leaky dielectric to the wave-
to 1/2(1-sinQ@)). The signal is now proportional to  guide. This detection technique allows one to avoid the
A®, but, rides on a significant dc offset voltage. This is programmatic errors that these attenuators would intro-
the offset condition used by the Sandia group [14] and duce. It also allows one to send the maximum power
it is the most sensitive detection position using a single available to the diodes through the reference arm rather
diode detector. The matched pair of diodes technique than requiring that the plasma and reference arm power

Eplasma

[a]
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5. Results

The electron densities in Ar (Fig. 5), He, Bind Ck
plasmas are all plotted as a function of the discharge
current at the fundamental rather than the voltage for
two reasons. First, the peculiarities of the UTD cell did
) not allow both voltage magnitude and phase angle be-
b_ £ tween current and voltage to be in agreement with the

Ref

EH-plasma
(Attenuated

standard cells at the same time [6]. It was decided that
since the phase angle between current and voltage was
E always in agreement with the standard as a function of

E-plasmal current (but not always as a function of voltage) that
(Attenuated) current should be used as the independent variable. Sec-
ond, the current density can be related to the electron
density through the simplistic formulb= nevapplying
to the body of the glow and implying that the electron
density and current should have a simple relationship.
This is born out somewhat in Fig. 5. The electron den-
sity measured in the UTD reactor is always linear on this
log-log scale; and in fact, all the electron density traces
nearly sit on a single power law line independent of
pressure. The relationship between electron density and
voltage amplitude is not so simplistic since the discharge
impedance can be a complicated function of the glow
parameters and in particular the powered electrode
sheath. The electron density has been plotted versus the
total current rather than the current density in these
figures because the actual relationship between the total
discharge current and the current density in these uncon-
fined plasmas is not precisely known.

The electron density results at different pressures and
from different laboratories have been plotted for com-
parison in Fig. 5. Thex’s are data obtained from the
UTD reactor, the filled dots are from the Sandia
National Laboratory (SNL) reactor [4] and the filled
squares are from the Wright Patterson Air Force Base
reactor (WPAFB) [5]. Several facets of the data in Fig. 5
Eig'l;e Sigzzoée(:iei%;?g&s of ;’:}ZS'ec”i)coiiﬁﬁsHaLﬁq;'::zUZ”EO are appropriate for discussion. First, the data from both
thopse from the plasm£é.p|:;::and E:ja:mg and refgrence armEL) the SNL and WPAFB reactors have been normalized for
of the microwave interferometer. The plasma and reference arm elec- the extension of the electron density beyond the elec-
tric fields add going into thed-plane arm of the Hybrid Tee, but  trode ring in order to make all three sets compatible.
subtract going into th&-plane arm. a) A nulled field condition show-  This was not incorporated in the publication of these
ing how either equal amplitude or unequal amplitude eIectric'fieIds in data, and amounts to a reduction in those reported
;?:nr;fse_ri?cfhaensgha: n;;;;:lsbc:cfri Sﬁg;ﬁeﬁﬁﬂ*@pﬁx g'; ie electrqn dgn;ity values by a factor of 1.6. Eyen with this
phase change ofA<b. reduction, it is clear that the electron density measured

in the SNL reactor at 13.3 Pa was significantly larger

than that measured in either of the other two reactors. In

fact, the differences between the SNL and WPAFB data
be equalized and this can increase the signal output forsets is nearly a factor of 4 with the UTD results splitting
a given phase length change. It does not give one infor- the difference. At higher pressures, the agreement be-
mation on how much the beam is being attenuated by tween the SNL and UTD reactor results is excellent
the plasma as a matter of course and this information while the electron densities of the WPAFB cell are gen-
can be necessary for some circumstances. erally somewhat smaller.

[b]
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Fig. 5. The electron densities of argon discharges as a function of the discharge current amplitude at the fundamental driving frequésicy. The
are data from the UTD reactor. The filled dots are data from the Sandia National Laboratories reactor [4]. The filled squares are data from the Wright
Patterson Air Force Base reactor [5]. (a) 13.3 Pa. (b) 33.3 Pa. (c) 66.7 Pa. (d) 133 Pa.

The reasons for the differences at 13.3 Pa are notenough to cause a 30 % reduction in the discharge
nearly as clear as one could wish because there are toccurrent for a given electrode voltage [6]. It may also
many possible explanations. Arguably the best explana- influence the electron density of the plasma, particu-
tion is that the electron densities are just not equal in larly at low pressures. In addition, the SNL cell was
these reactors at a given current because of the physicadriven symmetrically while the WPAFB and UTD reac-
and electrical differences between them. While both the tors were driven asymmetrically. Unfortunately, the
SNL and WPAFB cells have aluminum electrodes, the effect this should have on the electron concentration of
UTD cell has steel electrodes with the shower-head the plasma is not particularly clear. Another potentially
electrode powered and a pinhole welded into the important difference is the frequency of the microwave
grounded electrode. These differences are substantialinterferometers involved. The SNL interferometer was
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at 80 GHz and had a beam width of approximately 8 mm similarity in the electron concentrations as a function of
[4]. This beam could be centered between the electrodesthe rf current is surprising since the electron-neutral
very accurately, and sampled the plasma only where thecollision frequency in helium and argon have signifi-
electron density was large. The WPAFB (35 GHz) and cantly different energy dependencies as well as magni-
UTD (8.6 GHz) interferometers both effectively filled tudes [17], the electron loss rates due to ambipolar dif-
the entire volume between the upper and lower elec- fusion can be significantly different (because of the ion
trodes. Thus, these interferometers measured an elecimasses and mobilities) [4, 18] and the sheath width in
tron density which was averaged over the sheath regionshelium is generally significantly larger than in compara-
as well as the center of the glow. This would cause the ble argon discharges [19]. These differences cause the
reported electron density values to be lower by approx- electron energy distribution functions of these two gases
imately a factor corresponding to the fraction of the to be quite different as well [20, 21]. The EEDF in
volume between the electrodes taken up by the sheathshelium is much more Maxwellian, while the EEDF in
This effect would be larger at lower pressures since the argon is better characterized by a Druyvesteyn energy
sheath expands; and it fits the trend in the data of better distribution. Apparently, these effects do not cause sig-
agreement at higher pressures. Unfortunately, the nificant differences in the electron concentrations of
sheaths are not large enough to account for the differ- helium and argon discharges as a function of the dis-
ence between the SNL and WPAFB results at 13.3 Pa in charge current; even though they do cause the rf voltage
argon. of helium discharges to be much larger than that of
A final possibility is that current is not a good inde- comparable argon discharges [19].
pendent variable. This is illustrated in Fig. 6 where the  The electron densities in helium exhibit significant
electron density has been plotted for Ar at 13.3 Pa as adifferences at low pressures again, even though there is
function of the electrode voltage. The agreement be- substantial agreement at higher pressures. The differ-
tween the UTD and WPAFB results is excellent here. ences between the electron densities of the WPAFB and
(This indicates that théV curves between these cells UTD reactors are minimized when the electron density
are significantly different.) Accounting for the fraction s plotted as a function of the electrode voltage rather
of the plasma volume taken up by sheaths will even than the plasma current again. (See Fig. 8.) The electron
increase the agreement between these results. Interestdensity in the SNL and WPAFB reactors increases
ingly, the plots at other pressures are not affected nearly abruptly for both the 66.7 Pa and 133 Pa discharges
as much so the results agree closely there as well. Therearound 0.2 A to 0.3 A while the electron density in the
are two possible reasons why the plasma current mayUTD reactor continued a linear increase (on the log-log
not be the best independent variable. First, the plasmaplot.) The UTD electron densities in the 133 Pa dis-
current must be calculated by accounting for the equiva- charge may exhibit a similar abrupt increase at a larger
lent circuit between thé-V probes and the electrode current (near 0.7 A). A possible explanation for this
surface. This is made easier using the shunt circuit [15], difference is related to the transition from themode
but still involves a more careful procedure than the to they-mode of the discharge [4,20,22]. Godyak, Pie-
voltage measurements as well as more potential for ex- jak and Alexandrovich have indicated that the electron
perimental error. Second, the plasma current is deter- concentration rapidly rises and the electron temperature
mined more by the sheath capacitance (and the sheatthrapidly decreases as the discharge current (and voltage
voltage) at these low pressures than by the electrons inand power) are moved through this transition from a
the body of the glow. As a consequence, the current local to a nonlocal primary ionization source [20]. The
density in the body of the glow could be determined y-mode discharge is sustained by an electron avalanche
much more by the average electron velocity than by the in the powered electrode sheath in much the same man-
density and subtle changes in reactor geometry can leadner as the cathode glow is sustained in a dc discharge.
to significant differences in the measure® curves. The electron avalanche occurs when the sheath voltage
The electron densities of helium discharges are plot- is large enough to produce significant levels of sec-
ted in Fig. 7. The symbols are as in Fig. 5, except that ondary electron emission from the electrode as well as
the open diamonds are from laser induced fluorescenceelectron ionization in the sheath and glow edge. The
(LIF) measurements made at The National Institute of secondary electron emission coefficient of energetic he-
Standards and Techlogy [16]. The electron density of  lium ions is generally larger than that of argon ions [23]
helium discharges increased with increasing rf current and should also be larger on the aluminum electrodes of
at all pressures just as in argon. In addition, the electron the SNL and WPAFB reactors than on the stainless steel
concentrations of both argon and helium discharges (in electrodes of the UTD reactor. This would cause those
the UTD reactor) sit on nearly the same power law line reactors to transition into thg-mode at lower currents
independent of the pressuré.(= 7.1x10% [*3) The and voltages than the UTD reactor and consequently
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Fig. 6. The electron densities of argon discharges as a function of the electrode voltage amplitude at the fundamental driving frequency. The
symbols are as in Fig. 5. (a) 13.3 Pa. (b) 33.3 Pa. (c) 66.7 Pa. (d) 133 Pa.

to have a larger electron concentration above the transi-1-V characteristics of these cells; however, the close
tion point. It could also explain why the argon dis- agreement of these results versus the rf voltage may also
charges do not exhibit the same kind of abrupt increase; just be fortuitous. The LIF results have been interpreted
since, the secondary electron yield is expected to be using the excitation coefficients of Sobelman and coau-
smaller for argon ions in addition to the already smaller thors [24]. These excitation coefficients are thought to
rf voltages typical of those discharges. be the best available, but, are about a factor of 6 lower

The Laser Induced Fluorescence (LIF) measurementsthan those of Griem [25]. Using Griems’ coefficients
of the electron density [16] sit below the microwave gives results that agree closely with the microwave inter-
interferometry results when plotted as a function of the ferometer measurements when plotted versus the rf cur-
rf current, but, are in excellent agreement with the mi- rent, but not versus the rf voltage! As a consequence, it
crowave results when plotted as a function of the rf is not clear which is actually better at this point.
voltage. This again indicates a discrepancy between the
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Fig. 7. The electron densities of helium discharges as a function of the discharge current amplitude at the fundamental driving frequency. The
X's are data from the UTD reactor. The filled dots are data from the Sandia National Laboratories reactor [4]. The filled squares are data from
the Wright Patterson Air Force Base reactor [5]. The open diamonds are from laser induced fluorescence measurements in the National Institute
of Standards and Techlogy reactor [6]. (a) 13.3 Pa. (b) 33.3 Pa. (c) 66.7 Pa. (d) 133 Pa.

The electron densities of nitrogen and Glscharges nately, the electron densities of nitrogen discharges
at 13.3 Pa and 40 Pa in the UTD reactor are plotted in below 60 mA can be significantly smaller than
Figs. 9 and 10 as open diamonds and squares. The elec-1.3x10° cnT>. As a consequence, we did not measure
tron densities in nitrogen at 13.3 Pa and 33.3 Pa in the the electron concentrations there, and, the data points at
WPAFB reactor are plotted as filled diamonds and those currents only indicate an upper limit for the elec-
squares in Fig. 9. The lowest electron density data points tron density.
in both these figures correspond to Odf phase shift While the UTD reactor data for the noble gases indi-
(1.3xX10° cnmd). 0.1° is the smallest phase shift which  cated an electron density which increased slightly with
can be resolved on the UTD phase changer without increased pressure or had little pressure dependence; the
using any enhanced detection techniques. Unfortu- data in both nitrogen and GFRndicate an electron
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Fig. 8. The electron densities of helium discharges as a function of the electrode voltage amplitude at the fundamental driving frequency. The
symbols are as in Fig. 7. (a) 13.3 Pa. (b) 33.3 Pa. (c) 66.7 Pa. (d) 133 Pa.

concentration which decreased with increased pressurechanges with increasing current (and voltage and
An increased electron attachment rate with increased power.)

pressure is the most likely reason in the case of G, The time dependent electron densities of pulsed dis-
the reason for this phenomenon in the case of nitrogen charges through argon, helium and nitrogen are plotted
is not as clear. It may be caused by a transition from a in Figs. 11, 12 and 13. Argon discharges exemplify

“sheath oscillation” electron heating mechanism toward ordinary behavior. The electron density rises during the
an ohmic heating mechanism in the bulk of the first 1 msto 2 ms to a steady state value. When the rf is
discharge as noted by Turner for nitrogen [26] and extinguished at 10 ms, the electron concentration de-
Godyak, Piejak and Alexandrovich for argon discharges creases exponentially in time with a decay time of ap-

[20]. Finally, unlike argon, helium and nitrogen, the CF  proximately 2.5 ms which holds to the lower end of the

electron densities are nonlinear on the log-log scale mostmicrowave interferometer range. This decay time is the
likely because the composition of the plasma same for both the 0.25 A and 0.46 A discharges. There
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is a slight increase in the electron concentration just
after the rf excitation is turned off for the larger current.

This small increase may be caused by argon atoms in a
metastable excited state and will be discussed more in

conjunction with the helium results next.

1E+11: T T T T T LI L
E NITROGEN a7
- m} q
Fa i N |
\E/ 1E+10 |- 0% 3
> o ]
o o - 7
a
5 [ 3 |
= L o *
8 1Evok o 3
] r & 3
s a0 ]
- n ]
= O’D
1E+8[ OM 1l|3>|111| L I N Y PR |
1E-2 1E-1 1E+0

Current (A)

Fig. 9. The electron densities of nitrogen discharges. Open symbols

are data from the UTD reactor at 13.3 Pa (diamonds) and 40 Pa

(squares). Filled symbols are data from the WPAFB reactor at 13.3
(diamonds) and 33.3 (squares).
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Fig. 10. The electron densities of carbon tetrafluoride discharges in

2.0E+10

Illl‘llllllllllllll

ARGON

1.6E+10
1.2E+10

8.0E+9

Electron Density (cm?)

4.0E+9

00E+0 L1 1 1 I i 1 Lt I | I . | I L
0.0E+0 5.0E-3 1.0E-2 1.5E-2
Time (Seconds)

2.0E-2

Fig. 11. The time dependence of the electron density in pulsed
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taken at the approximate steady state condition.
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the UTD reactor. Open diamonds represent data at 13.3 Pa, openmate steady state condition.

squares at 40 Pa.
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1.2E410 [T _depayin nitrogen.isfgst'erthanin githerargon or helium,
I prreT it is not exponential in time. The increased loss rate for
NITROGEN ] electrons in nitrogen compared to argon and helium
i indicates an additional loss mechanism. The most likely
mechanism is electron ion gas phase recombination.
This is an inefficient mechanism in low pressure atomic
gases, but, can be significantly more efficient in molec-
. ular gases where energy and momentum can be more
easily conserved.

8.0E+9

4.0E+9 - 6. Conclusion

Electron Density (cm™®)

The electron densities of discharges through argon
measured by microwave interferometry in different
. GEC reactors show substantial agreement at pressures

0OE+o et vl v v v 1y T above 13.3 Pa. At 13.3 Pa, there were some substantial
00E+0  25E-3 50E-3 75E-3 1.0E-2 differences in the measurements which may have been

Time (Seconds) caused by differences in the reactors or the interferome-

Fia 13 The time dependence of the electron density in oulsed ters themselves. It is not clear whether one or the other
nitgr.oger% discharges at §3.3 Pa. Lower curve: 0.18 A, 28@2\//,:—5?7 o,r ,even bth may be most Import‘,”mt' The electron dep-
V. Upper curve: 0.27 A, 360 Wao=— 99 V. Allvalues are amplitudes ~ Sities of discharges through helium show substantial
taken at the approximate steady state condition. agreement at low currents; but, are dissimilar at large
currents. The reason for the discrepancy at large cur-

rents is postulated to be the mechanism by which the

The electron densities in helium discharges reach discharge is sustained. It appears that glow discharges
steady state within approximately 0.5 ms to 1 ms. The formed using aluminum electrodes transition into
electron concentration increases significantly immedi- y—mode at lower voltages and currents than do
ately after the rf excitation is turned off as was first discharges formed between stainless steel electrodes.
described by Greenberg and Hebner for the GEC reactor
[4] and by Biondi [27] for microwave excited discharges. Acknowledgment
The amount of the increase appears to be substantially
independent of the initial electron concentration and the ~ The author wishes to thank several agencies for their
subsequent decay in the electron concentration is expo-support of this work. In particular, The National
nential with approximately a 1.2 ms time constant. The Science Foundation through a Young Investigator grant
shorter decay time compared to argon is caused by theECS-9257383 and the State of Texas Advanced
lighter ion mass and higher ion mobility [4, 18]. The Research Program under grant number 009741-012.
initial increase in the electron concentration at rf turn Thanks also to Mike Hopkins, Greg Hebner, Peter Blet-
off is thought to be caused by a rapidly decreasing zinger, James Olthoff, Krzysztof Dzierzega and Ruth
electron loss rate in the afterglow (caused by electron Doyle for many helpful conversations and to Jun Xie and
cooling) coupled with an ionization rate that does not Brian Smith for assistance in the data acquisition.
decrease quickly because of the presence of helium
atoms in the 2S and 2'S metastable electronic states.

These excited state atoms can produce ionization /- References

through .metaStable_me.ta.'Stable collisions as well a_s Su_[1] E. Hotson and M. Seidl, A microwave interferometer for the
perelastic electron collisions followed by electron im- measurement of small phase angles, J. Sci. Ins#@R25-230
pact ionization of a metastable state atom. (1965).

The electron concentration in nitrogen rises quickly [2] L. J. Overzet and J. T. Verdeyen, Enhancement of the plasma
to steady state at the low current, but, does not reach a gggsgé?”(‘i gggosition rate in rf discharges, Appl. Phys. Uéft.
good steady state within 5 ms .for .the discharge at [3] H. Meuth and E. Sevillano, Microwave diagnostics, in Plasma
0.27 A. The electron concentration increases a small Diagnostics v. 1. Discharge parameters and chemistry, O.
amount after the rf excitation is extinguished before de- Auciello and D. L. Flamm, eds., San Diego, CA, Academic Press
creasing in the afterglow. While the electron density (1989) pp. 239-312.

413



Volume 100, Number 4, July—August 1995
Journal of Research of the National Institute of Standards and dEgyn

[4]

[5]

(6]

[71

(8]

[9]

(10]

(11]

(12]

(23]

(14]

(15]

[16]

(17]

(18]
[19]
(20]
[21]

(22]

K. E. Greenberg and G. A. Hebner, Electron and metastable [23]
densities in parallel-plate radio-frequency discharges, J. Appl.

Phys.73, 8126—8133 (1993). [24]
P. Bletzinger and A. Garscadden, IEEE Conference on Plasma
Science, Williamsburg, VA, June 3-5, 1991.

L. J. Overzet and M. B. Hopkins, Comparison of electron [25]

density measurements made using a langmuir probe and mi-
crowave interferometer in the Gaseous Electronics Conference [26]
reference reactor, J. Appl. Phy&4, 4323-4330 (1993).

C. B. Wharton, Microwave techniques, in Plasma diagnostic
techniques, R. H. Huddlestone and S. L. Leonard, eds., New [27]
York, NY, Academic Press (1965) pp. 477-516.

A. L. Gilardini, Low energy electron collisions in gases, 1st
edition, New York, Wiley (1972).

F. F. Chen, Plasma physics and controlled fusion. Vol. 1, Plasma Apout the author:

physics, 2nd ed., New York, Plenum Press (1984).
D. M. Manos and H. F. Dylla, Diagnostics of plasmas for
materials processing, in Plasma Etching An Introdution, D. M.

B. Chapman, Glow discharge processes, New York, Wiley-
Interscience (1979).

I. 1. Sobelman, L. Vainshtein, and E. Yukov, Excitation of atoms
and broadening of spectral lines, New York, Springer Verlag
(1981).

H. R. Griem, Spectral line broadening by plasmas, New York,
Academic Press (1974).

M. M. Turner and M. B. Hopkins, Anomalous sheath heating
in a low pressure rf discharge in nitrogen, Phys. Rev. l68t.
3511-3514 (1992).

M. A. Biondi, Diffusion, de-excitation and ionization cross sec-
tions for metastable atoms. |, Phys. R88, 660—665 (1952).

Lawrence J. Overzet is an Associ-

ate Professor in Electrical Engineering at the University
of Texas at Dallas. His BSEE, MSEE, and Ph D (1988)

Manos and D. L. Flamm, eds., pp. 259338, San Diego, CA, Were obtained at the University of lllinois, Urbana-

Academic Press, 1989.

M. A. Heald and C. B. Wharton, Plasma diagnostics with
microwaves, 1st ed., New York, John Wiley and Sons Inc.
(1965).

G. Bekefi, Radiation processes in plasmas, 1st edition, New
York, Wiley (1966).

L. J. Overzet and M. B. Hopkins, Spatial variations in the
charge density of argon discharges in the Gaseous Electronics
Conference reference reactor, Appl. Phys. L&3f.2484—-2486
(1993).

G. A. Hebner. explained that the “45 degree” adjustment in
Ref [4] was actually a 90 degree adjustment in a private com-
munication (9/94).

P. J. Hargis, K. E. Greenberg, P. A. Miller, J. B. Gerardo, J. R.
Torczynski, J. R. Roberts, J. K. Olthoff, J. R. Whetstone, R. J.
Van Brunt, M. A. Sololewski, H. M. Anderson, M. Splichal, J.

L. Mock, P. Bletzinger, A. Garscadden, R. A. Gottscho, G.
Selwyn, M. Dalvie, J. E. Heidenreich, J. W. Butterbaugh, M. L.
Brake, M. L. Passow, J. Pender, A. Lujan, M. E. Elta, D. B.
Graves, H. H. Sawin, M. J. Kushner, J. T. Verdeyen, R. Hor-
wath, and T. R. Turner, The Gaseous Electronics Conference
radio-frequency reference cell: A defined parallel-plate radio-
frequency system for experimental and theoretical studies of
plasma-processing discharges, Rev. Sci. Inst@&bn140-154
(1994).

K. Dzierzega, K. Musiol, and J. R. Roberts, Electron density
measurements in GEC rf helium discharges using the laser
induced fluorescence method, private communication, unpub-
lished.

A. D. MacDonald and S. J. Tetenbaum, High frequency and
microwave discharges, in Gaseous Electronics vol. 1, Electrical
discharges, M. N. Hirsch and H. J. Oskam, eds., Orlando, FL,
Academic Press (1978) pp. 173-217.

H. J. Oskam and V. R. Mittelstadt, lon mobilities in helium,
neon and argon, Phys. R&32 1435-1444 (1963).

L. J. Overzet and R. J. Xie, unpublished data.

V. A. Godyak, R. B. Piejak, and B. M. Alexandrovich, Measure-
ments of electron energy distribution in low pressure rf dis-
charges, Plasma Sources Sci. TechbpB6-58 (1992).

R. J. Xie, L. J. Overzet, and M. B. Hopkins, Electron energy
distribution functions in the GEC reactor, unpublished data.
R. Flohr, A. Melzer, and A. Piel, On the influence of secondary
electrons in rf discahrges in helium, Plasma Sources Sci.
Technol.3, 206-215 (1994).

414

Champaign.



